Introduction
============

Regulatory T cells (Tregs), a small subset of CD4^+^ T cells, have been shown to play an essential role in maintaining immune homeostasis and tolerance.[@R1] Studies in mice have established that the absence of Treg results in severe autoimmune reactions.[@R2] In cancer, both the frequency and immunosuppressive activity of Tregs are increased.[@R3]^-^[@R5] The accumulation of highly immunosuppressive Tregs within neoplastic lesions, in tumor-draining lymph nodes, and in the peripheral blood of cancer patients has been shown to contribute to the establishment of a local and systemic immunosuppressive environment, promoting the escape of developing neoplasms from the immune system.[@R6] Human Tregs are a heterogenous group of cells, consisting of various subsets.[@R7] At least 2 of these subsets have been precisely characterized: 1) thymus-derived naturally-occurring Tregs (nTregs), which mediate immunosuppressive effects mainly in a cell contact-independent manner,[@R8]^,^[@R9] and 2) adaptive or inducible Tregs (iTregs), also known as Tr1 cells, which presumably originate from conventional CD4^+^ T (Tconv) cells in the periphery, upon interaction with cognate antigens.[@R10]^,^[@R11] Recently, a more complex functional classification of circulating human Tregs has been proposed, suggesting that each subset of effector CD4^+^ T cells is regulated by a unique Treg counterpart.[@R7] While this functional heterogeneity may in part explain the various immunosuppressive mechanisms attributed to Tregs,[@R12] it may complicate the monitoring of potential changes in Treg frequency and function in pathological settings.

The existence and origin of Ag-specific Tregs have been a matter of controversy. Although antigen-specific Tregs have been reported to accumulate in the course of infectious diseases and cancer,[@R13]^-^[@R17] it appears that thymus-derived nTregs can suppress all types of immune responses regardless of antigen specificity. In contrast, Tr1 cells are generally considered to be antigen-specific, mostly because their expansion strictly relies on antigenic stimulation. However, it is unclear whether this requirement also applies to the immunosuppressive functions of iTregs. Systemic therapies aimed at augmenting the activity of iTregs in vivo, given to control autoimmune disorders or transplantat rejection, result indeed in prominent off-target effects, including a generalized state of immunosuppression.[@R18] In the course of infection and cancer, the indiscriminate depletion of Tregs might compromise the beneficial effects of therapy by promoting autoimmune reactions. Therefore, the possibility to identify and modulate the functional profile of antigen-specific Tregs would constitute a valuable tool for the development of novel and the refinement of existing immunotherepies.

In various animal models, Tregs have been shown to recognize organ-specific autoantigens.[@R19] In addition, antigen-specific Tregs appear to be more efficient in preventing autoimmune reactions than polyclonal Tregs.[@R20] Previous studies have demonstrated the existence of HIV-1-reactive or cytomegalovirus (CMV)-reactive Tregs in the peripheral blood of patients.[@R21]^-^[@R23] Taken together, these findings provide a rationale for examining the antigen specificity of iTregs in cancer, in particular relative to the induction/expansion of iTregs as opposed to their immunosuppressive activity. There is ample evidence that tumor-associated antigens (TAAs) are often overexpressed in malignant cells and are recognized by circulating autologous T cells.[@R24] The *TP53* gene is mutated in a vast majority of cancer patients,[@R25] resulting in the overexpression of both mutated and wild-type (WT) p53 epitopes that are recognized by T cells.[@R26] Here, we report the phenotype and immunosuppressive functions of Tr1 cells generated in culture in response to a WT p53-derived (p53~264--272~) peptide. The phenotypic and functional characteristics of these cells were evaluated together with their impact on the cytotoxic activity of autologous WT p53~264--272~-specific cytotoxic T lymphocytes (CTLs).

Results
=======

Phenotypic analysis of Tr1 cells generated in the presence of different amounts of a WT p53-derived peptide
-----------------------------------------------------------------------------------------------------------

Using a modification of a previously established co-culture system, Tr1 cells were generated from CD4^+^CD25^-^ T cells in the presence of immature dendritic cells (iDCs) pulsed with various concentrations of WT p53~108--122~. Thereafter, the phenotype of proliferating T cells was evaluated by flow cytometry. Gating on CD3^+^CD4^+^ cells, we first established the concentration of WT p53~108--122~ required for the optimal generation of Tr1 cells. Thus, low doses of the p53 peptide (10 ng, p53~low~) generated cells expressing several cell-surface and intracellular markers that are generally associated with the Tr1 phenotype, including CD39, CD132, interleukin-10 (IL-10), transforming growth factor β1 (TGFβ1), forkhead box P3 (FOXP3), and cytotoxic T-lymphocyte-associated protein 4 (CTLA4) ([Fig. 1](#F1){ref-type="fig"}). These cells expressed low levels of interferon γ (IFNγ) ([Fig. 1A and B](#F1){ref-type="fig"}). Of note, Tr1 cells obtained by means of iDCs pulsed with p53~low~ (Tr1/p53~low~ cells) expressed significantly higher levels of all Tr1 cell markers than Tr1 cells generated in the presence of high peptide concentrations (Tr1/p53~high~ cells) ([Fig. 2A](#F2){ref-type="fig"}). Similar results were obtained when WT p53~108--122~ was replaced by a mucin 1 (MUC1)-derived peptide ([**Fig. S1**](#SUP1){ref-type="supplementary-material"}). Hereafter, Tr1/MUC1~low~ cells are referred to as Tr1/MUC1 cells. To confirm the hypothesis that Tr1 cells generated in the presence of WT p53~108--122~-pulsed iDCs recognized WT p53~108--122~, the former were stained with a p53~108--122~-specific tetramer. Up to 51% of CD3^+^CD4^+^ and 64% of CD4^+^CD122^+^ Tr1/p53~low~ cells were indeed found to be specific for WT p53~108--122~ ([Fig. 2B](#F2){ref-type="fig"}). Much fewer Tr1/p53~high~ cells were tetramer^+^ (*P* \< 0.05). As expected, all Tr1 cells generated in the absence of WT p53~108--122~ failed to stain positively upon incubation with the p53~108--122~-specific tetramer, as did WT p53~108--122~-specific Tr1 cells stained with a control tetramer.

![**Figure 1.** Phenotypic characteristics of p53-specific Tr1 cells generated in vitro. (**A**) Cytofluorometric analysis of Tr1 cells generated in the presence of autologous immature dendritic cells (iDCs) pulsed with various doses of a wild-type p53-derived (p53~108--122~) peptide. CD4^+^CD25^−^ T cells cultured for 10 d in the presence of 150 IU/mL interleukin-2 and unpulsed iDCs served as control cells. Data are means ± SD (n = 5 experiments, performed with cells from different donors). (**B**) Phenotype of Tr1 cells generated in the presence of autologous iDCs pulsed with various doses of p53~108--122~. One representative experiment out of 5 performed with cells from different donors is shown.](onci-2-e25514-g1){#F1}

![**Figure 2.** Phenotype and antigen specificity of p53-specific Tr1 cells generated in vitro. (**A**) Cytofluorometric analysis of Tr1 cells generated in the presence of autologous immature dendritic cells (iDCs) pulsed with various doses of a wild-type p53-derived (p53~108--122~) peptide. CD4^+^CD25^−^ T cells cultured for 10 d in the presence of 150 IU/mL interleukin-2 and unpulsed iDCs served as control cells. Data are means ± SD (n = 5 independent experiments); \**P* \< 0.05. (**B**) Tr1 cells were stained with a control or a p53~108--122~-specific tetramer, followed by the quantification of tetramer^+^ T cells by flow cytometry. One representative experiment out of 5 performed with cells from different donors is shown.](onci-2-e25514-g2){#F2}

Suppression of T-cell proliferation by p53-induced Tr1 cells
------------------------------------------------------------

To compare the immunosuppressive activity of Tr1/p53~low~ and Tr1/p53~high~ cells, we incubated them with autologous CFSE-labeled CD4^+^CD25^−^ responder cells (RCs) at different ratios. After 5 d of co-culture, the mean suppressor activity of Tr1/p53~low~ cells was significantly higher than that of the Tr1/p53~high~ counterparts (52 ± 3% vs. 20 ± 1%, *P* \< 0.01; [Fig. 3A](#F3){ref-type="fig"}). Tr1 cells from control cultures did not suppress the proliferarion of RCs, whereas Tr1/MUC1 cells did so nearly as well as their Tr1/p53~low~ counterparts ([Fig. 3A](#F3){ref-type="fig"}). These results indicate that Tr1/p53^low^ cells, most of which are specific for WT p53~108--122~, mediate a higher immunosuppressive activity than Tr1/p53^high^ cells.

![**Figure 3.** Suppressor activity and cytokine profile of p53-specific Tr1 cells generated in vitro. (**A**) MACS-sorted CD4^+^CD25^−^ cells were labeled with CSFE and stimulated with plate-bound OKT-3 and soluble anti-CD28 antibodies in the presence of Tr1/p53~low~, Tr1/p53~high~, Tr1/MUC1, or control cells and 150 IU/mL interleukin-2 for 5 d. Thereafter, cells were analyzed by flow cytometry upon gating on CD4^+^CFSE^+^ T cells by means of the ModFit program. The percentage of inhibition in CD4^+^CD25^-^ cell proliferation as mediated by Tr1/p53~low~, Tr1/p53~high~, Tr1/MUC1, or control cells at 2 different responsder cell/suppressor (RC/S) ratios is shown. Data are means ± SD (n = 5 independent experiments). (**B**) Isolated Tr1/p53~low~, Tr1/p53~high~, Tr1/MUC1, or control cells were stimulated with OKT-3 and anti-CD28 antibodies and cultured in 96-well plates for 24 h. Culture supernatants were then harvested and analyzed for interleukin-10, IL-10, transforming growth factor β1 (TGFβ1), and interferon γ (IFNγ) by Luminex assays. Data are means ± SD (n = 5 independent experiments); \**P* \< 0.05. (**C**) Cytotoxic T lymphocytes (CTLs) were generated in the presence of autologous dendritic cells pulsed with a wild-type p53-derived (p53~108--122~) peptide. Tr1 cells were added to CTL cultures on day 0. After 3 rounds of antigenic stimulation, CTLs were harvested and stained with a p53~108--122~-specific tetramer and analyzed by flow cytometry. One representative experiment out of 3 performed is shown. (**D**) Tr1 cells and CTL were co-incubated for 24 h followed by the cytofluorometric determination of cytokine profiles. Data are means ± SD (n = 5 independent experiments).](onci-2-e25514-g3){#F3}

Cytokine production by p53-induced Tr1 cells
--------------------------------------------

Freshly generated Tr1/p53~low~ and Tr1/p53~high~ cells were stimulated for 24 h with OKT-3 anti-CD28 monoclonal antibodies (mAbs), followed by the quantification of cytokine levels in colture supernatants by ELISA and Luminex assays. As expected, Tr1/p53~low~ produced significantly higher levels of IL-10 and TGFβ1 than their Tr1/p53~high~ counterparts. Conversely, IFNγ was secreted to much lower amounts by Tr1/p53~low~ than by Tr1/p53~high~ cells ([Fig. 3B](#F3){ref-type="fig"}).

Suppression of WT p53~264--272~-specific CTL induction by p53-induced Tr1 cells
-------------------------------------------------------------------------------

To test if and how p53-induced Tr1 cells would influence the induction of WT p53~264--272~-specific CTLs, freshly generated Tr1 cells were added to CTL cultures at the beginning of the induction period. The addition of Tr1 cells to CTL cultures (1:10 Tr1/CTL ratio) on day 0 significantly suppressed the induction of p53~264--272~-specific CTLs ([Fig. 3C](#F3){ref-type="fig"}). Of note, such an immunosuppressive activity did not require the re-stimulation of Tr1 cells with peptides and was observed with Tr1/p53~low~, Tr1/p53~high~, as well as with Tr1/MUC1 cells.

Cytokine profile of CTLs suppressed p53-induced Tr1 cells
---------------------------------------------------------

Intracellular cytokine expression was examined in CTLs that had been culture alone or together with Tr1/p53~low~, Tr1/p53~high~, or Tr1/MUC1 cells using a flow cytometry-based polyfunctional assay. In particular, we analyzed the expression of IL-2, IFNγ, tumor necrosis factor α (TNFα), and CD107a. Thus, Tr1/p53^low^ cells suppressed polyfunctional cytokine responses (i.e., the number of cytokines expressed by a single cell) by CTLs to a significantly greater extent than their Tr1/p53~high~ counterparts (*P* \< 0.05). Of note, the suppressive activity of Tr1/MUC1 on cytokine expression was similar to that of Tr1/p53~low~ cells ([Fig. 3D](#F3){ref-type="fig"}).

p53-induced Tr1 cells suppress p53~264--727~-specific CTL functions
-------------------------------------------------------------------

Next, we studied the influence of p53-induced Tr1 cells on the ability of p53~264--272~-specific CTLs to recognize malignant cells by means of IFNγ-specific ELISPOT assays. To this aim, we incubated p53~264--272~-specific CTLs and IFNγ-pretreated cancer cells in the presence or absence of Tr1 cells (1:10 Tr1/CTL ratio), either in direct contact or by means of transwells (in selected assays). The anticancer effector functions of p53~264--272~-specific CTLs were signficiantly suppressed by admixed Tr1 cells ([Fig. 4A](#F4){ref-type="fig"}). Similar results were obtained when transwells were employed (data not shown), suggesting that the immunosuppressive activitiy of Tr1 cells in this context was cell-contact independent. When p53~264--272~-specific CTLs were incubated with IFNγ-pretreated cancer cells in the absence of Tr1 cells, tumor cells were recognized, leading to the secretion of IFNγ. Such a functional response was blocked by a HLA-A2-specific mAb (KS1), confirmed that the recognition of tumor cells by CTLs was HLA-A2-restricted. Conversely, no alterations in the CTL response were recorded upon the administration of isotype-matched control or anti-HLA Class II (L243) mAbs ([Fig. 4A](#F4){ref-type="fig"}). The antitumor activity of p53~264--272~ peptide-specific CTLs was inhibited almost equally by Tr1/p53~low~, Tr1/p53~high~, and Tr1/MUC1 cells. The immunosuppressive activity of all these Tr1 cells could not be influenced by the KS1 antibody ([Fig. 4A](#F4){ref-type="fig"}).

![**Figure 4.** Suppression of CTL functions by p53-specific Tr1 cells generated in vitro. (**A**) Cytotoxic T lymphocytes (CTLs) were incubated with Tr1/p53~low~, Tr1/p53~high~, or Tr1/MUC1 cells, followed by the quantification of interferon γ (IFNγ) secretion by ELISPOT assays. Data are from one out of 3 independent experiments performed. (**B and C**) CTLs were cultured in the presence or in absence of p53-specific Tr1 cells generated in vitro. CTL degranulation (CD107a exposure) and intracellular IFNγ expression levels were then analyzed by flow cytometry. Data are means ± SD (n = 5 independent experiments); \**P* \< 0.05.](onci-2-e25514-g4){#F4}

p53-induced Tr1 cells suppress p53~264--272~-specific CTL degranulation and IFNγ expression
-------------------------------------------------------------------------------------------

To further confirm our results, we quantified the degranulation of CTLs and their intracellular IFNγ expression levels upon co-incubation with p53-induced Tr1 cells. Thus, both CTL degranulation and intracellular IFNγ expression levels were more robustly reduced by Tr1/p53~low~ cells than by their their Tr1/p53~high~ counterparts (*P* \< 0.05). Tr1/MUC-1 cells suppressed CTL degranulation and IFNγ expression similarly to Tr1/p53~low~ cells ([Fig. 4B and C](#F4){ref-type="fig"}). Of note, the addition of KSI or L243 mAbs did not alter the ability of p53-induced Tr1 cells to suppress CTL degranulation and reduce IFNγ expression levels (data not shown).

Discussion
==========

In this study, aimed at determining the HLA-DR4-restricted immunosuppressive reactivity of human iTregs generated in vitro, we characterized the phenotype and functional profile of Tr1 cells arising from circulating CD4^+^CD25^-^ T cells exposed to iDCs pulsed with a WT p53-derived peptide. CD4^+^CD25^−^ T cells were isolated from the PBMCs of healthy individuals and cultured under conditions that had previously been optimized for Tr1 cell expansion.[@R27] In particular, this study was undertaken to gain insights into the antigen specificity of the immunosuppressive effects mediate by Tr1 cells that---at the time of induction and expansion---were recognize a self-antigen. Using a well-defined system for the generation of Tr1 cells in vitro,[@R28] we compared the effects mediated by WT p53~108--122~ peptide-specific Tr1 cells vs. those mediated by Tr1 cells specific for an unrelated, MUC1-derived peptide. Interestingly, while the induction of Tr1 cells was found to be peptide-specific, the immunosuppression mediated by expanded Tr1 cells was not.

Our study also shows that p53-specific Tr1 cells generated in the presence of iDCs pulsed with a low peptide dose strongly suppress the generation of CTLs and their immunological activity. Indeed, the expression levels of several established Tr1 cell markers were higher in p53-specific cells generated with low (as opposed to high) peptide doses. These data strongly suggest that the antigen dose influences the frequency and functions of Tr1 cells expanding in vitro*.* Other groups have observed an inverse correlation between the antigen dose and the generation of Tr1 cells in mice[@R28] and humans.[@R29]

Once the antigen-specific Tr1 cells are generated, they are expected to suppress the functions of effector T cells in an antigen-restricted manner. Interestingly, we observed that MUC1-induced Tr1 cells were as effective as their p53-induced counterparts in suppressing both the accumulation and antitumor activitiy of p53-specific CTLs. Further, neither HLA-A2-specific nor HLA DR-specific antibodies blocked the immunosuppressive actovity of Tr1 cells, suggesting that these effects are neither HLA-restricted nor (presumably) antigen-specific.

While our in vitro model of Tr1 cell induction and function have limitations, especially when compared with in vivo system, it nevertheless allows for the analysis of the antigen specificity of Tr1 cells generated in a microenvironment that approximates realistic conditions. The presence of TAAs recognized by T cells in cancer patients is established, and TAA-specific CTLs, including p53-specific CTLs, are often detectable within neoplastic lesions as well as in the peripheral blood of cancer patients.[@R30] It has been suggested that iTregs play a key role in suppressing anticancer functions of tumor-reactive CTLs.[@R31] However, it remains unclear whether this clinically relevant acvitity is mediated by all iTregs or a TAA-specific subset of iTregs. Our study provides convincing evidence in support of a TAA-driven generation and expansion of iTregs. However, once generated, TAA-specific iTregs fall under the microenvironmental control and may rapidly be converted into "universal" suppressor cells. In this context, iTregs lose their HLA restriction and T-cell receptor (TCR)-determined specificity to acquire the capability to suppress a wide range (if not all) of adaptive immune responses. Neoplastic lesions attempting to limit antitumor immunity presumably play a critical role in this context.

Thus, the nature of the local inflammatory microenvironment appears to significantly affect (if not entirely control) the activity of tumor-infiltrating suppressor cells. The remarkable plasticity of these cells guarantees that not just a single TAA-specific immune response, but the responses to several TAAs, are effectively suppressed, providing the tumor with a means to escape immunosurveillance. While speculative, the scenario of a tumor-mediated conversion of initially TAA-specific iTregs into broadly immunosuppressive, HLA-unrestricted suppressors is an excellent example of how human neoplasms may subvert adaptive immune responses to their own benefit.

Materials and Methods
=====================

Healthy volunteers
------------------

Peripheral venous blood samples were obtained from HLA-DR4^+^HLA2^+^ healthy donors. Prior to phlebotomy, all subjects signed an informed consent approved by the Institutional Review Board of the University of Pittsburgh.

PBMC collection
---------------

Blood samples (20--30 mL) were drawn into heparinized tubes and centrifuged on Ficoll-Hypaque gradients (GE Healthcare Bioscience). PBMCs were recovered, washed in AIM-V medium (Invitrogen), quantified by upon staining with trypan blue (to obtain information on viability), and stored frozen until used for experiments.

HLA typing
----------

PBMCs were phenotyped for the expression of HLA-DR4 and HLA-A2 by flow cytometry using anti-HLA-DR4 and anti-HLA-A2 mAbs (Beckman Coulter) as well as isotype-matched (IgG) control antibodies.

Antibodies
----------

The following fluorochrome-conjugated anti-human mAbs were used in flow cytometry assessments: anti-CD3-ECD, anti-CD4-PC5, anti-CD25-FITC, anti-CD25-PE, anti-IFNα-PE (all from Beckman Coulter), anti-CD39-PE, anti-FOXP3-FITC (both from eBioscience), and anti-CD122-FITC, anti-CD132-FITC, anti-CTLA4-PE, anti-GITR-FITC, anti-IL-10-PE, anti-TGFβ1-PE (all from R&D Systems). Isotype-matched antibodies, which served as negative controls for surface as well as intracellular stainings, were purchased from Beckman Coulter. Before use, all mAbs were titrated to determine the optimal staining dilutions using activated as well as non-activated PBMCs. The p53~108--122~-specific tetramer and the scrambled control tetramer were manufactured and labeled with phycoerythrin (PE) by the NIH.

Surface and intracellular staining
----------------------------------

Cells were stained for cytofluorometric assessments as previously described.[@R5] Briefly, cells were incubated with mAbs specific for surface markers for 30 min at 4 °C (in the dark) and then fixed with 2% (w/v) paraformaldehyde (PFA) in PBS for 15 min. Thereafter, cells were permeabilized with 0.1% (w/v) saponin in PBS for 30 min and stained with mAbs specific for intracellular markers for 30 min at 4 °C (in the dark). Cells were washed twice with 0.1% saponin in PBS, resuspended in flow buffer (1× PBS, 2% fetal bovine serum, 0.2% azide) and immediately analyzed by flow cytometry. Appropriate isotype-matched control mAbs were included for each sample.

Flow cytometry
--------------

Flow cytometry was performed on a EPICS^®^ XL-MCL flow cytometer (Beckman Coulter). Acquisition and analysis were restricted to the lymphocyte gate, based on characteristic forward scatter (FSC) and side scatter (SSC) properties. FSC and SSC were set in a linear scale, and at least 10^5^ cells were acquired for analysis, which was performed using the Coulter Expo 32 v l.2 software. Additional analyses were performed upon gating on the CD4^+^ or CD8^+^ T-cell subset.

Tr1 in vitro system
-------------------

PBMCs from HLA-A2^+^/DR4^+^ healthy subjects were processed for the generation of Tr1 cells using an in vitro co-culture system previously established in our laboratory.[@R27] Briefly, upon the isolation of PBMCs, monocytes were separated from the lymphocyte fraction based on their capacity to adhere to plastic. Monocytes were differentiated into iDCs by culture in AIM-V medium supplemented with 1000 IU/mL granulocyte macrophage colony-stimulating factor (GM-CSF) and 4 ng/mL IL-4 for 7 d. CD4^+^CD25^−^ cells were isolated from the lymphocyte fraction using the Regulatory T-cell Isolation Kit (Miltenyi Biotech), and AutoMACS. iDCs were pulsed with various doses of the WT p53~108--122~ peptide or MUC1-derived peptide for 4 h at 4 °C and kept on ice for 1 h before harvesting. CD4^+^CD25^−^ cells (1 × 10^6^) were then co-incubated in flat-bottom 24-well plates with autologous pulsed iDCs (1 × 10^5^) using complete AIM-V medium supplemented with 10 IU/mL IL-2, 20 IU/mL IL-10, and 20 IU/mL IL-15. Medium was changed on days 3 and 6. On day 9, the culture medium was replaced with fresh medium supplemented with 1 μg/mL OKT-3 and 1 μg/mL Brefeldin A. On day 10, lymphocytes and cell supernatants were separately harvested. In parallel, control CD4^+^CD25^−^ cells were cultured for 10 d in complete medium supplemented with 150 IU/mL IL-2 (in 24-well plates), under standard conditions (37 °C, 5% CO~2~ in air).

In vitro generation of peptide-specific CD8^+^ T cells using peptide-pulsed autologous iDCs
-------------------------------------------------------------------------------------------

Autologous CD8^+^ T cells were negatively selected from nonadherent PBMCs using the CD8^+^ T-cell Isolation Kit (Miltenyi Biotech) and co-cultured with peptide-loaded iDCs in 96-well plates for 6 d, as previously described.[@R32]^,^[@R33] To generate the HLA-A2.1-restricted peptide-specific CTLs, iDCs were exposed to either WT p53~264--272~ (LLGRNSFEV) or an unrelated MUC1-derived peptide. On day 7, RCs were re-stimulated with peptide-pulsed iDCs in AIM-V medium supplemented with 20 IU/mL IL-2, 10 ng/mL IL-7, and 10 ng/mL IL-21. RCs were then stimulated with irradiated, peptide-pulsed autologous PBMCs. After 2 or more rounds of stimulation, responsive effector cells were tested. To determine the immunosuppressive effects of Tr1 cells on CTL generation, Tr1 cells generated as previously described were added to the co-cultures at different Tr1/CTL ratios (1:1, 1:2, and 1:10) on day 0.

Tetramer staining and cytofluorometric analysis of in vitro generated CTLs
--------------------------------------------------------------------------

CD8^+^ cells stimulated with HLA-A2-restricted WT p53~264--272~ were incubated with the corresponding HLA-A2-restricted p53-specific tetramer (1:100 dilution) for 45 min at room temperature and in the dark. CTLs were then stained with anti-CD8-FITC, anti-CD5-APC, anti-CCR7-PC7, and anti-CD45RA-ECD mAbs for 30 min at 4 °C, washed twice with flow buffer, fixed with 2% (w/v) PFA in PBS, and analyzed by flow cytometry as previously described.[@R28]^,^[@R29]

ELISPOT assay
-------------

CTLs recognizing HLA-A2.1-restricted WT p53~264--272~ or the MUC1-derived peptide (control conditions) as well as Tr1/CTL co-cultures were maintained for 24 h prior to being processed for ELISPOT assays. Different Tr1/CTL ratios were used (2:1, 1:1, or 0:1). ELISPOT assays were performed using HLA-A2^+^ head and neck squamous cell carcinoma PCI-13 cells as stimulators, upon pre-treatment with 1000 U IFNγ (to upregulate HLA-A2 expression).[@R34]

Suppression assays
------------------

Tr1 cells obtained from the in vitro system were tested for their capacity to suppress the proliferation of CD4^+^CD25^−^ RCs, as previously described.[@R13] Briefly, 1 × 10^5^ CFSE-labeled autologous CD4^+^CD25^−^ cells were co-incubated in flat-bottom 96-well plates with Tr1 suppressor (S) cells at a 1:1 or 2:1 ratio. To induce proliferation, RCs were stimulated with 2 μg/mL plate-bound OKT-3 and 2 μg/mL soluble anti-CD28 mAbs (Miltenyi), in the presence of 150 IU/mL IL-2 for 5 d. Thereafter, cells were harvested and analyzed by flow cytometry. CFSE data were analyzed using the ModFit software (Vertity Software House; Topsham) as previously described.[@R4]

CTL cytokine profile
--------------------

Tr1 cells obtained from co-cultures were evaluated for the ability to suppress the expression of cytokines by CTLs by using a previously established cytofluorometric assay.[@R35] To this aim, CTLs were incubated with freshly generated Tr1 cells, and the following molecules were studied using multicolor flow cytometry: IFNγ, IL-2, TNFα, and +CD107a. Cytokine profiles were analyzed using the SPICE software v 4.3 (Bioinformatics and Computational Biosciences Branch, NIAID).

ELISA and Luminex
-----------------

Freshly generated Tr1 cells were placed in fresh medium supplemented with 1 μg/mL OKT-3 and 1 μg/mL anti-CD28 mAbs. Culture supernatants were collected after 24 h and stored frozen until analysis. TGFβ levels in acidified supernatants were analyzed by ELISA (R&D Systems), while the concentration of IFNγ and IL-10 was evaluated by the Luminex technology, using a human cytokine 10-plex mAb bead kit (Biosource/Invitrogen). ELISA and Luminex assays were performed according to the manufacturers' instructions.

CTL degranulation assays
------------------------

Ten thousand freshly generated CTLs were incubated with peptide-pulsed iDCs in the presence of a CD107a-specific antibody (Beckman Coulter) and Tr1/p53^low^, Tr1/p53^high^, or Tr1/MUC1 cells for 4 h. When appropriate, anti-HLA-A2 (KS1) or anti-HLA-DR (L243) mAbs were added to the cultures. At the end of the incubation period, cells were harvested and processed for the quantification of CD8^+^IFNγ^+^ and CD8^+^CD107a^+^ T cells by flow cytometry.

Statistical analyses
--------------------

Data are presented as means ± SD (n = at least 3 experiments). Student's t-tests with the threshold value set to *P* \< 0.05 were used to determine statistical significance.
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